The nucleotide sequence of a 3,202-base-pair fragment which contained the minimum region required for replication of the broad-host-range plasmid, pTF-FC2, has been determined. At least five open reading frames and a region that affected the host range were identified. Proteins corresponding in size and location to four of the five open reading frames were produced in an in vitro transcription-translation system. The predicted amino acid sequences of two of the proteins were aligned with those of the RepA and RepC proteins of the broad-host-range IncQ plasmid RSF1010 and found to be 43 and 60% homologous, respectively. Despite this similarity, neither the RepA nor the RepC protein of the IncQ plasmid was able to complement mutations in the pTF-FC2 repA and repC genes. Although there was a considerable amount of DNA homology between pTF-FC2 and RSF1010 in the oriV region and the region coding for the RepA and RepC proteins, no other homology between the two plasmids at either the DNA or protein level could be detected.
Plasmid pTF-FC2 is a 12.6-kilobase-pair, cryptic, broadhost-range plasmid that was originally isolated from the industrially important bacterium Thiobacillus ferrooxidans. The plasmid was cloned into the vector pBR325 and shown to replicate in Escherichia coli from an origin located on the pTF-FC2 portion of the recombinant plasmid (23) . The host range of pTF-FC2 includes all the gram-negative bacteria that have been tested so far, namely, Pseudomonas aeruginosa (24) , Thiobacillus novellus (25) , Klebsiella pneumoniae, Rhizobium meliloti, Agrobacterium tumefaciens, and Salmonella typhimurium (D. E. Rawlings and R. A. Dorrington, unpublished results). A 329-base-pair (bp) region of the pTF-FC2 DNA that is required for replication in cis has been identified and sequenced (7) .
Relatively few plasmids capable of replication in a large number of gram-negative bacteria have been identified. Of these, the most extensively studied are those belonging to the IncQ incompatibility group, which includes the similar or identical plasmids RSF1010 (8) , R1162 (16) , and R300B (3). The entire nucleotide sequence (8, 685 bp) of the RSF1010 has recently been published (28) .
Plasmid pTF-FC2 is similar to the IncQ plasmids in several respects. The oriV region of pTF-FC2 includes three 22-bp tandem, perfectly repeated DNA sequences (7) , whereas the corresponding region of the IncQ plasmids has three-and-one-half 20-bp perfectly repeated DNA sequences separated by 2-bp spacer sequences (17, 18) . The repeated sequences of pTF-FC2 have a 60% DNA homology with those of the IncQ plasmids, whereas the 115-bp sequence immediately adjacent to the repeat sequences is 75% homologous (7) . Both plasmids are maintained in E. coli at a copy number of approximately 12 per chromosome (3, 7) and are mobilized at high frequency between gram-negative bacteria by IncP plasmids such as RP4 (1, 25, 26) .
Despite these similarities, no incompatibility between pTF-FC2 and the IncQ plasmid R300B was detected (7) . The structural similarity between the origins of pTF-FC2 and the * Corresponding author.
IncQ plasmids may reflect general features of a class of broad-host-range plasmids to which these plasmids belong. A comparison of the molecular mechanisms of replication between plasmids such as pTF-FC2 and the IncQ plasmids could result in the identification of these features, which are associated with the phenomenon of broad host range.
We report the nucleotide sequence of the minimum replicon of pTF-FC2 in E. coli and P. aeruginosa and the identification of at least two proteins essential for replication in E. coli and a region which appears to be involved in host range. The origin of replication of pTF-FC2 has been compared with that of the IncQ plasmids, and the ability of the two plasmids to functionally complement each other has been investigated.
METHODS AND MATERIALS
Bacterial strains and media. E. coli strains were grown in Luria broth or on Luria agar plates. Antibiotics were added as required at the following concentrations: ampicillin, 100 ,ug/ml; chloramphenicol, 25 pug/ml; and tetracycline, 20 ,ug/ ml, as required. A DNA polymerase I (polA) mutant of the recA E. coli AB1157 (15) , called E. coli GW125a, was a gift from Graham Walker, Massachusetts Institute of Technology, Cambridge, and was used to test for PolA-independent plasmid replication. Plasmids were maintained in E. coli LK111 (31) . The broad-host-range property of plasmids was tested by transformation of DNA into P. aeruginosa PA01162 (leu-38 rmo-1l), (2) which was grown on LNG (containing, per liter, 10 g of tryptone, 5 g of yeast extract, 5 g of NaCl, 0.4% KNO3, and 0.4% glucose) agar plates containing 500 ,ug of carbenicillin per ml, 200 ,ug of tetracycline per ml, and/or 400 pug of chloramphenicol per ml, followed by reisolation of the plasmids. Plasmids used in this study were the vector pUC19 (30) and pKE462 (7) , which has the 7.5-kilobase EcoRI fragment from R46 carrying the Tcr and arsenic resistance markers cloned into R300B. Plasmid pDR412 (23) consists of the 12.3-kilobase PstI-XhoI fragment of pTF-FC2 ( Fig. 1) General recombinant DNA techniques. Plasmid DNA was prepared from E. coli and P. aeruginosa strains by using the method of Ish-Horowicz and Burke (12) , and analysis and cloning of DNA were as described by Maniatis et al. (15) . E. coli strains were transformed by using the dimethyl sulfoxide method of Chung and Miller (5) , and transformation of P. aeruginosa PAO1162 was performed as follows. An overnight culture was harvested, suspended in 0.4 volume of cold 0.15 M MgCl2, and kept on ice for 5 min, after which the cells were pelleted and resuspended in 0.08 volume of 0.15 M MgCl2. DNA was added to 200 ,ul of cells, and the mixture was incubated on ice for 60 min, at 37°C for 2 min, and again on ice for a further 5 min. After addition of 1 ml of LNG broth, the cells were incubated at 37°C for 1 to 2 h and plated out.
Sequential deletions of pTV400 were made by using exonuclease III (11) , and the nucleotide sequence of these deletions was determined by the chain termination method with the Sequenase DNA-sequencing kit (United States Biochemical Corp., Cleveland, Ohio). The sequence was analyzed by using the Genepro (version 4.1) and University of Wisconsin Genetics Computer Group (UWGCG) (version 6.1) software (6) packages.
In vitro protein synthesis. Translation products were identified by using a procaryotic DNA-directed transcriptiontranslation kit (code N.380; Amersham International plc, Amersham, England), and the products were analyzed by polyacrylamide gel electrophoresis.
Nucleotide sequence accession number. The nucleotide sequence of pTV400 has been assigned the GenBank accession number M35249.
RESULTS
Functional analysis of the pTF-FC2 origin of replication. Recombinant plasmid pTV400 was constructed by cloning a 3,202-bp partial Sau3A fragment of pTF-FC2 into pUC19 ( Fig. 1) and selecting for the ability to replicate in E. coli GW125a (7). Previously, we had shown that plasmids pTV4101, which had a 620-bp deletion from one side of the 3,202-bp fragment, and pTV4200, with a 334-bp deletion from the opposite end ( Fig. 1) , were the smallest plasmids capable of replication in E. coli GW125a with a normal copy number (7) . Plasmid pTV4210 (Fig. 1) , with a further 150 bp deleted from the distal end of pTV4200, was able to replicate at a reduced copy number (7) . pTV400 and the deletion plasmids pTV4101, pTV4200, and pTV4210 were transformed into P. aeruginosa PA01162 and examined for their ability to be maintained. Plasmids pTV400 and pTV4200 replicated normally, whereas pTV4210-containing colonies were smaller on carbenicillin plates than pTV4200-containing colonies were. No colonies containing either pTV4101 or pTV4100, which is 260 bp larger than pTV4101 (Fig. 1) , were isolated.
Nucleotide sequence of pTV400. The complete nucleotide sequence of pTV400 (3,202 bp) is shown in Fig. 2 . The sequence contains very few 6-bp recognition restriction enzyme digestion sites relative to its size. Previously mapped ApaI and AvaI restriction enzyme sites are located at nucleotides (nt) 1251 and 2067, respectively. Sequence analysis revealed unique sites for AvaII (nt 162), BalI (nt 2419), DraI (nt 2107), HincIl (nt 1389), and XhoII (nt 1080).
The 3,202-bp fragment has a G+C content of 59%, which corresponds closely to that calculated for the T. ferrooxidans chromosome (10) and to the average of 58.7% which we have calculated for the T. ferrooxidans genes previously cloned and sequenced in our laboratory (19) (20) (21) (22) .
Computer analysis of the 3,202-bp fragment by using the CODONPREFERENCE and TESTCODE routines of the UWGCG package indicated the presence of at least five potential coding regions, each preceded by a consensus ribosome-binding site ( Fig. 3 ; Table 1 The oriV region of pTV400, which has previously been shown to consist of three sets of 22-bp direct repeated sequences and the 245-nt fragment immediately adjacent to the repeats (7), is situated between nt 2540 and 2869. Other features of the nucleotide sequence are a region between nt 655 and 677 containing a 14-bp match with the 22-bp repeated sequences in the oriV and two sets of inverted complementary repeats (nt 2673 to 2691 and 2703 to 2738) ( Fig. 2) . The biological function of these structural features is unclear, but deletion of half of the latter set of inverted repeats resulted in a reduced copy number (7) .
Analysis of polypeptides encoded by the minimum replicon. Polypeptides from the pTF-FC2 minimum replicon were analyzed both in vivo and in vitro to ascertain whether polypeptides equivalent to those predicted from the nucleotide sequence could be detected. Polypeptides were expressed from cloned fragments and deletion plasmids by using an in vitro DNA-directed transcription-translation kit, and the products were analyzed by polyacrylamide gel electrophoresis. Since the predicted polypeptides varied in size, different concentrations of acrylamide were used to maximize resolution. Translation of the pUC19 vector resulted in the 30,500-Da P-lactamase protein ( . These values correspond closely to the polypeptides predicted for ORF2, ORFi, ORF4, and either ORF3 or ORF5, respectively. Plasmid pTV4220 (nt 1 to 2353) has the oriV and 77 amino acid residues deleted from the carboxy terminus of ORF2. The 33,500 Da corresponding to ORF2 has disappeared, and a new 28,500-Da polypeptide, which corresponds closely to the predicted molecular mass of 25,679 Da (Fig. 4A, lane 2) , has appeared, while the other polypeptides remained unchanged. Plasmid pTV4260 (nt 1 to 1739), which has the oriV and all except the first 17 amino acid residues of ORF2 deleted, showed a complete loss of the 33,500-Da protein while the other peptides were unchanged (Fig. 4A, lane 3; Fig. 4B, lane 4) . Plasmids pTV4283 (nt 1 to 801) and pTV4282 (nt 1 to 870), which have both ORFi and ORF2 deleted, no longer produced the 33,500-or 32,000-Da proteins (Fig. 4A, lane 4; Fig. 4B , lane 5) but still produced the 10,000-and 8,000-Da proteins (Fig.  4B, lane 5) . From the codon preference data (Fig. 3) it was predicted that the ORF3 (8,000-Da) and ORF4 (10,000-Da) proteins are located within the first 571 bp of pTV400. This predicton correlates well with what was found in vitro. Plasmid pTV4290 (nt 1 to 660) produced proteins of 10,000 and 8,000 Da (Fig. 4B, lane 6 ), while pTV4101 (nt 615 to 3202) no longer produced these proteins (Fig. 4B, lane 3) . Additional proteins of 30,000 and 28,000 Da ( ORFi was deleted (Fig. 4A, lane 4) and appeared to be degradation products of ORF1.
CGTAACGTTCCCCGCCGAAATCTGAAAAACCTAGCAACGGCGCGGGTTTGCGGGCGATTCGCAAAATCCCTCCA-TGAT-CATCA42TCATCCACTAGG __________________--_---------------------oriV ----------------------------------------------------
Comparison of ORF1 and ORF2 of pTF-FC2 with RepA and RepC of the IncQ plasmids. The predicted amino acid sequences of the ORF1 and ORF2 polypeptides were aligned and compared with the amino acid sequences of RepA and RepC of RSF1010 (28) . The predicted ORF1 protein is 11 amino acids larger than RepA, and on alignment the two proteins have a similarity of 43% based on the perfectly conserved amino acid residues (Fig. 5 ). An alignment between the larger of the two possible ORF2 polypeptides and RepC of RSF1010 is also shown in Fig. 5 , and the similarity was calculated at 60%. There is no homology between the remaining pTF-FC2 ORFs and any of the other RSF1010 proteins. Owing to the similarity between the ORF1 and ORF2 proteins of pTF-FC2 and RepA and RepC of RSF1010, the corresponding pTF-FC2 genes were named repA and repC, respectively.
Since there was a high degree of homology between the RepA and RepC proteins of pTF-FC2 and RSF1010, we wished to determine whether the IncQ proteins were able to complement mutations and deletions in the pTF-FC2 origin. Deletion plasmid pTV4161 contained only the region nt 2543 to 3202 (Fig. 1) , which included the intact oriV but none of the ORFs, and was able to replicate in E. coli GW125a only when pDR412 was present (7) . We substituted pDR412 with pKE462, a derivative of R300B, but were unable to detect replication of pTV4161. The R300B replicon was therefore unable to complement oriV of pTF-FC2.
The ability of the IncQ plasmid proteins to complement the pTF-FC2 RepA and RepC proteins individually was investigated by inactivating the proteins through the intro- betwe'en the first 800 bp and the last 500 bp of the 3,202-bp fragme'nt and the RSF1O1O replicon. origin of replication of pTF-FC2. This feature has also been noted in other 'broad-host-range 'plasmids (29) , and it has 335~~~~~~~~~~~~b een suggested that this phe'nomonon may be essential for 30.5~~~~~~4~the survi"val, of promiscuous-plasmids.
Plasmid pTF-FC2 and the IncQ plasmids are similar in the structure and nucleotide sequence of their oriV regions (7) (27) . The 14102, with a mutation-in repA, produced only the 35,900-Da protein produced by this gene is involved in 500-Da RepC protein, whereas pTV41O3, with the muta-primer synthesi's at oriV during initiation of replication (28) .
Iin repC, produced only the 32,000-Da RepA protein The carboxy terminus of the repE gene is s'ituated within 500 :a n'ot shown (28) .
The IncQ RepA and RepC proteins are expressed from a polycistronic mRNA (9) , and their expression is controlled at the level of translation by an antisense RNA complementary to the ribosome-binding site and start of the repA gene (13) . In addition, expression of IncQ repC appears to be translationally coupled to expression of repA (9) . We were able to detect the pTF-FC2 RepC product when the front end of repA was deleted and replaced by a T7 promoter (Dorrington, unpublished results). In addition, the frameshift mutation in repA did not affect RepC production in vitro. Thus, unlike for its IncQ counterpart, the translation of RepC appears to take place even when uncoupled from that of RepA.
A comparison of the structure of the pTF-FC2 replicon with that of the IncQ plasmids is interesting. In both plasmids the repA genes, repC genes, and oriV regions have considerable nucleotide homology. In pTF-FC2, the two regions that show homology are contiguous, whereas in RSF1010, oriV is separated from repA and repC by a 2,484-bp fragment that includes the sulfonamide and streptomycin resistance genes. These genes have a different codon usage pattern from the rest of the genes found on RSF1010, and Scholz et al. (28) suggest that these genes may have been incorporated at a later stage in the development of the IncQ plasmids. The finding that the two homologous regions are contiguous in pTF-FC2 indicates that the two replicons may be derived from a common ancestor from which they have susequently diverged. In the IncQ plasmids, the repA and repC genes may have been separated from oriV by insertion of a transposable element such as Tn4, which carries sulfonamide and streptomycin resistance markers.
